Monoclonal antibodies (MAbs) against clinical isolates of Streptococcus pneumoniae were produced in a search for common pneumococcal proteins. One of the fusions generated two MAbs, 174,B-8 (immunoglobulin G2a) and 177,D-8 (immunoglobulin G1), which by Western blotting (immunoblotting) stained with a main band of 40 kDa found in all isolates of S. pneumoniae examined. Cross-reactivity studies with streptococci other than pneumococci revealed very weak or moderate reactions with the MAbs. The 40-kDa protein was isolated by immunoaffinity chromatography and subsequent preparative Western blotting. N-terminal amino acid sequencing showed 90% amino acid sequence homology with a surface-located glyceraldehyde-3-phosphate dehydrogenase from Streptococcus pyogenes. This protein has also been reported to exhibit binding to mammalian proteins such as fibronectin, which may serve as host receptors. The epitopes for MAbs 174,B-8 and 177,D-8 reacting with the pneumococcal analog were not accessible to antibody binding in live bacteria but were exposed after heat killing. The MAbs showed negligible cross-reactions with S. pyogenes.
Infections caused by Streptococcus pneumoniae throughout the world remain a major cause of morbidity and mortality, in particular among infants and the elderly. Capsular polysaccharides are essential virulence factors and are used for classification of pneumococci into 90 types (13) . The cell wall polysaccharides (C-Ps) containing the immunologically dominant phosphorylcholine epitope is common to all pneumococcal serotypes. When mice are immunized with pneumococci, one of the most prominent antibody responses is to this phosphorylcholine determinant (20) . There are therefore few reports on monoclonal antibodies (MAbs) against pneumococcal capsular polysaccharides and protein antigens. This may also partly explain why only a few proteins from this gram-positive bacterium are characterized (for reviews of proteins, see references 2 and 6).
The pneumococcal vaccine currently used is composed of unconjugated, capsular polysaccharides from 23 types of S. pneumoniae. Whereas this vaccine has been shown to be protective in adults, it is of limited use in children and the elderly (for a review, see reference 2). These populations are poor responders to polysaccharide antigens because they do not stimulate T helper cells (27) . The immunogenicity of the polysaccharides can be increased by covalently linking them to a carrier protein. The success of the Haemophilus influenzae type B conjugates has greatly stimulated interest in developing conjugate vaccines against other capsulated bacteria, including S. pneumoniae. Since only a few heterologous proteins like diphtheria or tetanus toxoids have been used as carriers in humans, there is a risk that anticarrier antibodies induced by one conjugate will suppress the response to the other (4) . There is thus a great interest in finding pneumococcal proteins which can be used as carriers for capsular polysaccharides. New pneumococcal vaccine strategies also include the use of proteins as protective immunogens in their own right. Among the protein vaccine candidates are autolysin (16) , neuraminidase (17) , pneumococcal surface adhesin A (PsaA) (24) , pneumococcal surface protein A (PspA) (31) , and pneumolysin (1).
We have immunized mice with different clinical isolates of S. pneumoniae; after fusion of spleen cells with myeloma cells, the supernatants were first screened with the strain used for immunization and C-Ps. Antibodies that reacted with the immunogen but did not stain with C-Ps were then tested by Western blotting (immunoblotting) to select those reacting with epitopes expressed on proteins. From these experiments, we identified two MAbs that recognize a common pneumococcal 40-kDa protein.
MATERIALS AND METHODS
Bacterial strains. The bacteria examined are described in Table 1 Polysaccharides. Purified C-Ps from S. pneumoniae was a gift from Jørgen Henrichsen, SSI.
Production of MAbs. As antigens, we used different heat-inactivated (30 min at 60ЊC) and sonicated pneumococcal strains. Six-week-old BALB/c mice were immunized intraperitoneally with a suspension containing 50 g of protein in 0.25 ml of phosphate buffered saline (PBS) mixed with 0.25 ml of Freund's incomplete adjuvant and given a booster injection of the same mixture 2 weeks later. Four months later, and 4 days before fusion, each mouse was given intravenously the antigen in PBS. Spleen cells were fused with NSO myeloma cells by standard methods. Mouse splenocytes were used as feeder cells.
Cell culture supernatants were screened doubly by enzyme-linked immunosorbent assay (ELISA) (see below) against the immunizing pneumococcal strain and against C-Ps. Those positive only to the heat-killed pneumococci were checked against strips with bacterial proteins from the immunizing strain and, as a negative control, H. influenzae, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and electrotransferred to nitrocellulose papers (see below). Interesting hybridoma cells were cloned by limiting dilution with Hybridoma Enhancing Supplement (Sigma Chemical Co., St. Louis, Mo.) instead of feeder cells. Isotyping of MAbs in cell culture medium was performed in ELISA with heat-killed pneumococci as the coating antigen (see below), using a kit (catalog no. 93-6550) from Zymed Laboratories Inc., San Francisco, Calif.
Protein assay. For determination of protein concentrations, aliquots of the bacteria were dissolved in 0.5 M NaOH. Lowry's method (19) with bovine serum albumin as the standard was used.
ELISA measurements. Flat-bottom microtiter plates (MaxiSorp; Nunc A/S, Roskilde, Denmark) were coated with heat-killed and sonicated pneumococci, 25 g/ml in PBS and 50 l per well. Washing and incubations with antibodies, enzyme, and substrate were performed as previously described (15) .
SDS-PAGE and immunoblotting. The bacterial suspensions in PBS were boiled for 5 min with sample buffer containing 2-mercaptoethanol. The mycobacteria were first sonicated for 20 min in ice water. Samples with 7 g of protein were placed in each well formed by a 15-tooth comb with a Bio-Rad (Richmond, Calif.) Mini-Protean Slab Cell apparatus. SDS-PAGE was performed with stacking and separating gels containing 4 and 15% acrylamide, respectively. The separated proteins were electrotransferred to a nitrocellulose paper (pore size, 0.2 m). The MAbs were used as diluted cell culture media, and as the secondary antibody we used peroxidase-conjugated rabbit immunoglobulins to mouse immunoglobulins (dilution, 1:1,000; Dakopatts A/S, Glostrup, Denmark). The Rainbow protein molecular weight markers were obtained from Amersham International plc, Amersham, England.
Dot blot assay. The bacterial species examined were from stationary-phase cultures. They were heat killed and spotted to nitrocellulose membranes as previously described (15) . Some experiments were also performed with live, log-phase pneumococci. The primary antibodies were used as diluted cell culture media, and bound MAbs were detected with peroxidase-conjugated antibodies (see above).
Solubilization of bacterial proteins. Bacteria from stationary growth phase were harvested by centrifugation, washed three times in PBS, and killed by heating for 5 min at 100ЊC. The washing and heating were omitted in the last experiments. The bacteria were dissolved in 0.5% sodium deoxycholate (DOC) in 0.05 M Tris buffer containing 2 mM EDTA (pH 8.6) for about 1 h at room temperature. The detergent was obtained from Merck, Darmstadt, Germany. Nondissolved materials were removed by centrifugation. Affinity purification (see below) in the presence of DOC was performed without success. The proteins in the DOC extract were therefore precipitated by adding ethanol to a concentration of 80%. DOC itself is soluble in ethanol. The precipitate was isolated by centrifugation and suspended in 1% Triton X-100 (Sigma) in PBS. Nondissolved materials were removed by centrifugation.
Immunoaffinity purification of bacterial proteins and sequencing. One MAb (174,B-8) was purified from ascitic fluid by affinity chromatography on protein A-Sepharose (Pharmacia Biotech, Uppsala, Sweden). The MAb was then coupled to CNBr-activated Sepharose (Pharmacia Biotech). The gel contained about 4 mg of protein per ml. The 1% Triton extract was run first through a Sepharose 6B column for removal of nonspecifically binding proteins and then through the column with immobilized MAb 174,B-8. The column was first washed with Triton X-100, but at a concentration of 0.1%, followed by PBS without detergent. This washing procedure was chosen because Triton X-100 has a high A 280 and hence would interfere with protein monitoring during elution of bound proteins with 4 M guanidine-HCl in PBS. The fractions were dialyzed against PBS and concentrated by vacuum filtration. The eluted proteins were separated by SDS-PAGE, using a comb for preparative electrophoresis, and electroblotted onto a polyvinylidene difluoride membrane (0.45-m pore size; Millipore, Bedford, Mass.). Strips were cut off and probed with MAb 174,B-8, and the rest of the membrane was stained with 0.025% Coomassie brilliant blue in methanol. After destaining in 50% methanol, bands reacting with the MAb were identified by the strips stained with MAb and then cut off for microsequencing. Automatic Edman degradation was performed on an Applied Biosystems model 477A protein sequencer equipped with an on line model 120A phenythiohydantoin-derived amino acid analyzer.
Sequence alignment. Searches in the Swiss-Prot protein sequence data bank (3) and sequence alignment were done by using the University of Wisconsin sequence analyses package (7) .
Enzyme activity. The assay for glyceraldehyde-3-phosphate dehydrogenase (GADPH) activity was carried out as described by Ferdinand (8) , with GADPH from Bacillus stearothermophilus (Sigma) as a positive control.
RESULTS

Dot blot and Western blot reactivities of MAbs.
Mice were immunized with different clinical isolates of S. pneumoniae for production of MAbs against proteins. The hybridoma cell culture supernatants were initially doubly screened in ELISA against the strain used for immunization and C-Ps. Those positive against S. pneumoniae and negative against C-Ps were expanded and retested in immunoblotting. One fusion performed after immunization with a type 23F strain resulted in MAbs 174,B-8 (immunoglobulin G2a) and 177,D-8 (immunoglobulin G1). The MAbs stained by Western blotting with a main band of 40 kDa (Fig. 1) . The epitopes were found in all pneumococcal strains (n ϭ 40) analyzed by Western blotting and all (n ϭ 60) examined by dot blotting with heat-killed S. pneumoniae. Streptococci other than pneumococci showed very weak or moderate cross-reactivities to the two MAbs ( Fig.  1 and Table 1 ). The epitopes were not expressed on other gram-positive or gram-negative eubacterial organisms. Furthermore, the epitopes were not present in the archaebacte- Purification and N-terminal amino acid sequence. The 40-kDa protein was isolated from a pneumococcal strain by immunoaffinity chromatography, and the N-terminal amino acid sequence was determined. Comparison with the sequences in the Swiss-Prot data bank showed up to 60% homology to the enzyme GAPDH. Using this as a key word for searches in literature databases, we found that the N-terminal amino acid sequence for a major surface protein on group A streptococci had been determined and found to have GAPDH activity (22) . Eighteen of 20 determined residues in the pneumococcal 40-kDa protein were identical to those reported for the streptococcal protein (Fig. 2) , giving an identity of 90%. The deduced amino acid sequence from nucleotide sequencing of a plasmin receptor from group A streptococci also showed 90% homology with the pneumococcal protein (18) (Fig. 2) .
Enzyme activity. The purified 40-kDa protein did not show GADPH activity. One aliquot of the positive control enzyme from B. stearothermophilus was therefore treated with the detergents DOC and Triton X-100 and with guanidine-HCl as used for the isolation of the 40-kDa protein. This treatment destroyed the enzyme activity.
DISCUSSION
The MAbs 174,B-8 and 177,D-8 identified a common 40-kDa pneumococcal protein by Western blotting. N-terminal amino acid sequencing of the common pneumococcal protein isolated by immunoaffinity chromatography showed sequence homology to GAPDH, a key enzyme involved in glucose metabolism. GAPDH is composed of identical subunits of 37 kDa (9, 12) , which is in agreement with our finding of 40 kDa by SDS-PAGE. The lack of GADPH activity of the 40-kDa protein is most likely due to the isolation conditions with use of two detergents and guanidine-HCl. Analogous treatment of GADPH from B. stearothermophilus destroyed the activity.
The highest sequence homology (90%) was found to be a streptococcal (S. pyogenes) GAPDH which was reported to be surface located (22) . The glycolytic enzyme GAPDH usually has an intracellular location, but GADPH has also been identified on the surface of other cells such as Schistosoma mansoni, an invasive parasite (11) . Another surface protein from S. pyogenes, a plasmin receptor (18) , also showed 90% amino acid sequence homology to the pneumococcal protein described here. The genes encoding the plasmin receptor have been sequenced, and the deduced amino acid sequence revealed a significant similarity to bacterial GAPDH (18) . These two S. pyogenes proteins described by different investigators could be the same protein because a comparison of the reported surface GAPDH sequences in the N-terminal region from positions 1 to 39 shows 97% sequence homology to the plasmin receptor.
This surface-located S. pyogenes GAPDH is suggested to contribute to the organism's invasiveness by its ability to capture plasmin (18) and the binding of proteins such as fibronectin (22) , a protein which has been suggested to play an important role in the adherence of S. pyogenes to host epithelial cells (21, 26) . The streptococcal surface GAPDH has also been reported to function as an ADP-ribosylating enzyme which may enable communication between host and parasite during infection (23) . The MAbs described here with specificity for the pneumococcal analog did not recognize live bacteria, which could indicate that this GAPDH is located intracellularly. However, as the antigen for MAb production, we used heatkilled S. pneumoniae. This treatment might have exposed epitopes of a surface-located GAPDH which are not accessible for antibody binding in an intact organism.
GAPDH is present in both prokaryotes and eukaryotes. All examined pneumococci showed strong reactions with the MAbs. None of the gram-negative eubacteria nor the only archaebacterium examined stained with the MAbs. All analyzed mammalian cells, including human erythrocyte ghosts, were also nonreactive with the MAbs. In erythrocytes, 60 to 70% of the enzyme activity is membrane bound and constitutes about 5 to 7% of the total membrane proteins (14) . The epitopes for the MAbs are therefore assumed to be outside the coenzyme-binding domains and the catalytic domains of GAPDH.
Very weak or moderate cross-reactions were seen with the examined streptococci other than pneumococci. Despite the high N-terminal amino acid sequence homology demonstrated here between the S. pyogenes and S. pneumoniae GAPDH proteins, the MAbs showed negligible cross-reactions by Western blotting. The data thus indicate that the epitope must be outside this region.
The bacteria staining with the MAbs are mainly commensal and potentially pathogenic streptococcal organisms on the mucosal surface of, for example, the upper respiratory tracts of humans and animals ( Table 1) . Of the moderate cross-reacting streptococci, some strains of Streptococcus mitis have been reported to possess phosphorylcholine, which also is an antigen common to all S. pneumoniae strains (25, 29) . The cross-reacting S. suis strain of capsular type 8 has not been isolated from humans (10) . It is a pig pathogen with a capsule similar to those of pneumococci of serotypes 19A and 19F (10).
The reaction patterns against different organisms were the same for MAbs 174,B-8 and 177,D-8, except in the case of the S. suis strain, which reacted with the former MAb but not with the latter. There might thus be some differences in the fine specificities of the two MAbs.
Various proteins have been suggested to be involved in the pathogenicity of S. pneumoniae and thus vaccine candidates. Autolysin-negative mutants have been shown to be less virulent than wild-type pneumococci, and immunization with autolysin (N-acetylmuramyl-L-alanine amidase) confers some protection against pneumococcal challenge in mice (5) . The most important effect of amidase might be its role in mediating the release of pneumolysin (16) , an intracellular protein belonging to the family of thiol-activated toxins. This protein is conserved among pneumococcal isolates. Immunization of mice with a toxoid of pneumolysin confers non-serotype-specific protection against S. pneumoniae (1). Shared among pneumococci is also a 37-kDa protein, PsaA, an adhesin which may be involved in the attachment or adherence to surfaces in the respiratory tract (24) . PspA shows structural and antigenic variations between different S. pneumoniae strains (30) . The problems with antigenic variation might be overcome by using a vaccine with truncated PspA from several strains (31) . Work in progress involves immunoaffinity purification of the common pneumococcal 40-kDa protein so as to use it in experiments to evaluate a possible pathogenic role of the protein and thus whether it can serve as a vaccine component.
